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Abstract. Cyclotron resonance of high-mobility (up to 300000 cm2 V-' s- '  at 100 
mK) GaAsIAiGaAs two-dimensional hole gases (ZDHGS) grown on (311)A oriented 
substrates has been measured in magnetic fields up to 17 T and at temperatures 
down to 350 mK. The ZD hole density is in the range (1.C-2.0) x 10" cm-'. Two 
resonances are in general observed: at low magnetic fields the lower-field 
resonance dominates but a progressive transfer of oscillator strength takes place 
as the field increases. A self-consistent calculation of the Landau fan diagram for 
the higher-symmetry (100) direction is used to interpret the data and identify the 
observed transitions. 
The key differences between two-dimensional hole gases 
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that the former can have much higher effective masses 
and exhibit greater subband anisotropy. In addition, the 
electron-phonon interaction in ZDHG systems is rather 
stronger than in the companion electron gas. Until 
AlGaAs material (largely grown on (100) surface sub- 
strates) has been rather poor. In consequence, a full 
exploration of effective masses and valence band aniso- 
tropy, using the proven technique of cyclotron resonance 
(CR) spectroscopy in the far infrared (FIR), has not been 
possible. A recent development in growth procedures [l] 
has enabled very high-mobility ZDHG layers to be pro- 
duced by growth in non-conventional directions (e.g. the 
(31 1)A direction) which contain a high ratio of single-to- 
double dangling bonds with a resultant reduction in 
carbon and sulphur contaminant incorporation. Using 
this technique, hole mobilities exceeding 300 000 cm2 
V-' s-' at low temperatures have been achieved in such 
high-index plane ZDHGS [2], and transport studies [3,4] 
in both !ow- and high-dcnsity EEG samples have re- 
vealed transitions to an insulating state consistent with a 
magnetically induced Wigner solid. 
The valence band structure in GaAs/AlGaAs quan- 
tum well (QW) systems exhibits a richness and complexity 
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even for such high-symmetry directions as (100) [SI. For 
magnetotunnelling spectroscopy studies [SI and calcula- 
tions [7, S] of valence band anisotropy in quantum wells 
indicate an even greater degree of mixing leading to 
'camel's back' behaviour of certain valence subbands. A 
knowledge of ho!e x-nsses i: such cy systems rcxnaics of 
practical importance in view of the dependence of the 
threshold current required for population inversion in 
QW lasers on densities of states and therefore effective 
masses [SI. 
In the case of ZDHG heterostructure systems, a trian- 
gular function may be used to approximate the confining 
potential, and the absence of inversion symmetry for this 
potential leads to the lifting of the Kramers' degeneracy 
for each subband [lo]. Several early calculations of 
subbands and Landau levels for the ZDHG at the GaAs/ 
AlGaAs interface have been reported [11, 121. The most 
complete [13] utilizes a fully self-consistent treatment 
which provides theoretical evidence for strongly nonlin- 
ear magnetic field dependence of the Landau-level ener- 
had been considered important by previous workers. 
These calculations [13] have been reported only for the 
high-symmetry (100) direction, and have generally used 
an axial approximation which introduces a cylindrical 
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symmetry into the 4 x 4 Luttinger Hamiltonian. The 
extension of these calculations to the lower-symmetry 
(31 l)A direction represents a considerable complication, 
since the axial approximation cannot be made for the 
lower-symmetry Hamiltonian. 
Several early experimental CR studies have been re- 
ported for (100)-direction GaAs/NGaAs ZDHG systems 
[lo, 14, 151. Although agreement with theory is only 
partial, these reports demonstrate that strong anisotropy 
and subband mixing occurs even for the high-symmetry 
direction, and that the classification into light and heavy 
hoies haslost its meaning. There appears to be oniy one 
previous account of an experimental study of CR for the 
(311) direction L161; these authors, working with two 
samples of 2D hole densities 0.8 x 10" cmm2 and 1.8 x 
10'' cn-', find anomalous line splitting in the CR at a 
magnetic iieid vaiue which increases wifh increasing 2D 
carrier density. This splitting originated, it was suggested, 
in either an excited-state anticrossing effect or in a many- 
body effect of a type previously considered for a ZDEG 
L171. 
in this letter, we report an experimentai investigation 
of CR splitting effects in a larger number of samples than 
hitherto used [16]. Since no theory for 'the (311)A 
direction is currently available, the previous calculation 
L131 for the high-symmetry (100) direction is extended to 
magnetic fields and 2D hole concentrations appropriate 
to the present measurements. It is shown that the discon- 
tinuity effects noted in the present and previous [16] 
measurements can be reasonably well accounted for 
using appropriate CR transitions taken from the Landau 
fan diagram for the (100) direction; discrepancies be- 
tween theory and experiment are also discussed in terms 
of the anticipated changes in theory for the (311) direc- 
tion. 
The electrical characteristics of the samples used are 
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beam epitaxy on (311)A-oriented semi-insulating sub- 
strates; both silicon and beryllium are used as dopants. A 
combination of Fourier transform/iked magnetic field 
and RR laser/swept magnetic field techniques is used to 
orientation at temperatures down to approximately 350 
mK and in magnetic fields up to 17 T. The samples used 
in this investigation were slightly wedged to avoid spuri- 
owinterference effects. Particular care was taken in the 
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Table 1. Electrical properties of the  samples. 
Sample 2D hole Approx. 100 mK Dopant 
concentration mobility [4] 
(IO" cm-') (cmZV-'  s-' ) 
NU642 1.4 Si 
NU703 1.5 300000 Si 
NU704 1.7 300000 Be 
NU738 1.0 150000 Si 
NU740 1.1 150000 Si 
NU811 2.0 Be 
present study to ensure that the magnetic field was 
exactly perpendicular to the layer planes. 
Figure 1 shows a compendium of cyclotron resonance 
transmission spectra at several different laser wave- 
lengths for NU704 at 350 mK. A considerable variation 
of integrated absorptio; strengths and liewidths is 
observed as a function of magnetic field for this particu- 
lar sample. The same general pattern is repeated for the 
other samples studied by the swept field/FIR laser tech- 
nique. Particularly noteworthy is the weakness of the CR 
absorption at 320 pm laser wavelength; this results from 
the iaser energy iying at the centre of the anticrossing 
region for two Landau levels, as will be discussed later. 
Figure 2 shows the masses derived from laser measure- 
ments of this type for another sample (NU703). It is 
noted that the mass initially rises steeply with field, but 
1 NU704 
Figure 1. Laser cyclotron resonance spectra for sample 
NU704 at 350 mK. 
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Figure 2. Low-temperature effective masses for sample 
NU703 obtained from CR absorption spectra. 
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that the rise becomes progressively less steep above 
around 5 T. This behaviour is exhibited for all the 
samples investigated, as also is the characteristic break in 
the mass-field curve at the approximate field value for 
which the absorption strength is minimal. 
swept frequency experiments for NU704. Similar results 
are also obtained for the other samples shown in table 1. 
Two resonances are now generally apparent; the transfer 
of oscillator strength from the low-field resonance to the 
mgn-neiu resunance IS paruuuany smnlmg. ~ I L  inc i u w c s ~  
fields, there only appears to be one absorption; with 
increasing magnetic field a smaller absorption feature 
appears at higher field which grows in strength as the 
field is increased. The higher-field feature dominates the 
>p=bnCL ,G3p"L'>C d, LIIG LUgl l rbr  l lGlLlJ ,,,"=aug'nGu, W l l G l l  
the low-field feature has virtually disappeared. 
Figure 4 shows the magnetic field dependence of the 
two resonance energies observed for three samples; a 
shift with areal density of the magnetic field for which the 
czeprgy splittizg of the two monazces is ~ i n i m !  (the 
'closest-approach' field) is evident from figure 4. These 
data are plotted for all samples in figure 5, together with 
data taken from [16]; a smooth increase in this closest- 
approach field with rising areal density is noted. Simi- 
!ar!y, the m a n  energy cf the two brzzches 2t the closest- 
approach field also displays a linear relationship with 
sample areal density, as may be seen from figure 6. One of 
the data points shown in figure 6 is for an experiment in 
which the sample plane was deliberately tilted 2" from the 
horkontd; the purpose of thin ~xper;.x& u/ag to deE.on- 
strate that the currently observed coupling effects did not 
originate from a tilted magnetic field [lS]. 
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rlgUItZ 3 SIlUWS CK Uala LdKtZIllII a SCIICS U1 llXtZU-llClU/ 
LI-1 c.11 ~. .  : ..- l.~l. .A:?.- 1. .I.. I ....-- 1 
---,.4--7 _------ ~ -* rh,. h:..ho.d C-12- :....n-&:-..+..A ,..Lo-. 
NU704 \ I  
I 
12 T 
13 T 
14 T 
401 
Figure 4. Plot of cyclotron resonance energies and 
magnetic fields obtained from interferometer data at 350 
mK. The symbols represent: 0, NU704; 0, NU738; 
x ,  NU811. 
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Figure 5. Plot of magnetic fieid at minimum separation of 
the branches of the cyclcotron resonance spectra (figure 4) 
as a function of sample 2D hole density. The symbols are: 
A, present work; U, data from [16]. The full cuwe is a plot 
from theory for the (100) direction (see text). 
The self-consistent calculation of Landau fans for the 
high-symmetry (100) direction [13] has been extended 
up to 20 T for a range of 2D hole densities between 
0.5 x 10" cm-' and 3.0 x 10" an-'. This calculation 
assumes that the minority donor density in the GaAs 
region of the heterostructure is 5 x lot4 an-'. Figures 
7(u) and (b) show the results of this calculation for the 
limiting values of hole density. The axial approximation 
/ I I # I # # I I I  , , , , l , . , , , , , , l ,  used fir  this direction of symmetry implies that each 
component of the hole multicomponent wavefunction 
corresponds to a single Landau level index. The notation 
used to describe the Landau fans in figures 7(u) and 7(b) 
is (in, n), where m is the zero-field subband index and n 
i o  20 30 40 
ENERGY (cm-') 
Figure 3. Cyclotron resonance spectra for sample NU704 
obtained at 350 mK. 
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Figure 6. Plot of the mean energy at minimum separation 
of the branches of the cyclotron resonance spectra (figure 
4) as a function of sample 2D hole density. The symbols 
are: A, present work; 0, data from [16]; 0, data for 
NU811 taken with the magnetic field at 2" to the 
perpendicular. The full curve is a plot from theory for the 
(100) direction (see text). 
the Landau index for that subband (negative spin states 
are designated thus: E). At zero field only, the m = 1 state 
corresponds to the HH1 and m = 2 to the LHl states. It 
is evident from figures 7(a) and 7(b) that the zero-field 
subband separation reduces with reducing areal density; 
this behaviour might also be expected from a simple 
triangular model for the ZDHG heterostructure potential 
[19]. It is also evident from these figures that the Landau 
level fans exhibit strong non-parabolicity and that many 
level-crossings may be observed. At finite values of 
magnetic field, the crossings observed in the fan diagram 
occur at progressively higher magnetic fields as the areal 
density increases; this is illustrated for a particular cross- 
ing 'by a 'box' in the two figures. This behaviour follows 
from the fact that the interaction between the corre 
sponding Landau levels decreases as the areal density 
increases, and thus an enhancement of their interaction 
can only be achieved at higher fields. 
Additional evidence for the strong interaction be- 
tween Landau levels is provided by the effective-mass 
curves of figure 2 for the stronger cyclotron absorption. 
At low fields the heavy hole exhibits a relatively low mass 
but this mass increases with field, owing to coupling 
within the Luttinger Hamiltonian [20]. The curve dis- 
plays the discontinuity at the closest-approach field, as 
might be expected, but above this field the mass curve 
increases less steeply, which might be construed as evi- 
dence for increased subband decoupling effects within the 
Hamiltonian. 
The origin of the two resonances will now be dis- 
cussed using the calculated Landau fans for the (100) 
direction for illustration. For the present samples, trans- 
port measurements [3] indicate that the extreme quan- 
tum l i i i t  is achieved at magnetic fields of 5-6 T. CR 
1468 
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Figure 7. Calculations of the Landau fans for (100) hole 
gases. (a) 2D hole density 0.5 x 10" cm-'. The ordering 
of the Landau levels is: a (1, 1); b (2, 1); c (1, i); d (1, 0); e 
(1, 2): f (1, 2); g (2, 2); h (2, 7); i (2, 0); j (2, 2). (b) 2D hole 
density 3 x 10" cm-'. The ordering of the Landau levels 
is: a,(1, I ) ;  b (2, I); c (1, i); d (I, 2) ;  e (I, a); f ( I ,  2); g 
(2. 2); h (2, 0); i (2, i): j (1, 3). 
transitions will occur from the (1,l) ground state and will 
be governed by appropriate selection rules. Although no 
calculation of these selection rules for the lower-sym- 
metry (311) direction has yet been undertaken, it seems 
likely that transitions within the same subband manifold 
will have a greater oscillator strength and that transitions 
for which the symmetry changes will also be less fa- 
voured. Appropriate candidates for the two transitions 
noted in figure 3 are therefore (1,l) -+ (1,2) and (1,l) -+ 
(2, 1) for the stronger and weaker lines respectively. A 
consideration of the ordering of the states and the spin- 
flip transition rule leads to a rejection of the transitions 
(1, l)+(l ,Z)and(l , l)-+(l , i) .  
Additional evidence for the mechanism suggested 
above is provided by the general agreement between 
experimental data and theory shown in figures 5 and 6. In 
Letter to the Editor 
the case of a coupling in a ZDEG induced by a tilted 
magnetic field [Zl], a plot of the type shown in figure 6 
yields the zero-field subband separation. This is not the 
case for the complicated valence band structure in ZDHGS, 
since the (2, 1) and (1, 1) levels do not remain parallel as 
the field changes. Nevertheless, the energy values plotted 
in figure 6 do represent the energy between the ground 
(1, 1) state and the energy at the closest-approach field, 
which may be compared with theory for different density 
samples using the crossing highlighted by a box in figure 
7. 
In conclusion, we have measured the CR behaviour of 
several high-mobility ZDHG samples grown on [311]- 
oriented planes in magnetic fields up to 17 T. Using 
swept-frequency/fixed-field spectroscopy two resonances 
are generally observable at a given field; the absorption 
strength shifts from the lower-field to the higher-field 
resonance as magnetic field increases. A Landau fan 
diagram calculation for the (311) direction is extremely 
difficult, due to the problem of establishing an appropri- 
ate ansatz for solving the Hamiltonian in this low- 
symmetry direction. The present data have therefore 
been compared with self-consistent theory for the higher- 
symmetry (100) direction, assuming that the observed 
absorptions represent the (1, 1) + (1, 2) and (1. 1) + 
(2, 1) transitions. In general, these calculations provide 
strong support for the proposed mechanism. For the 
lower-symmetry (3 11) direction, additional off-diagonal 
terms will appear in the Hamiltonian, leading to even 
greater mixing effects (so that many of the crossings 
shown in figure 7 will become anticrossings) and further 
relaxation of selection rules for CR transitions may also 
occur. 
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